Abstract. Individual chromosomes are not directly visible within the interphase nuclei of most somatic cells; they can only be seen during mitosis. We have developed a method that allows DNA strands to be observed directly in living cells, and we use it to analyze how mitotic chromosomes form. A fluorescent analogue (e.g., Cy5-dUTP) of the natural precursor, thymidine triphosphate, is introduced into cells, which are then grown on the heated stage of a confocal microscope. The analogue is incorporated by the endogenous enzymes into DNA. As the mechanisms for recognizing and removing the unusual residues do not prevent subsequent progress around the cell cycle, the now fluorescent DNA strands can be followed as they assemble into chromosomes, and segregate to daughters and granddaughters. Movies of such strands in living cells suggest that chromosome axes follow simple recognizable paths through their territories during G2 phase, and that late replicating regions maintain their relative positions as prophase chromosomes form. Quantitative analysis confirms that individual regions move little during this stage of chromosome condensation. As a result, the gross structure of an interphase chromosome territory is directly related to that of the prophase chromosome.
I
N most somatic cells, individual chromosomes are only visible for a short period of the cell cycle, from early prophase to late telophase. During the greater part of the cycle they are so decondensed that they cannot be resolved from each other. As a result, cytologists have only been able to observe directly the movements of preformed chromosomes. Little is known about the way the chromatin fiber is folded within the interphase nucleus, or how the folding changes as chromosomes form (for reviews, see Manuelidis, 1985; Cook, 1995; Nickerson et al., 1995) . Nevertheless, the application of chromosome paints to fixed cells shows that chromosomes occupy discrete territories during interphase (Cremer et al., 1993; Trask et al., 1993) .
Various approaches are being used to study chromosome and nuclear dynamics in living cells (Hiraoka et al., 1989; Paddy et al., 1996; Robinett et al., 1996; Shelby et al., 1996; Straight et al., 1996; Abney et al., 1997; Marshall et al., 1997; Misteli et al., 1997; Li et al., 1998) . One involves microinjecting fluorescently tagged molecules into living cells, and then observing how distributions change using time-lapse fluorescence microscopy. For example, fluorescently tagged histones are incorporated into chromosomes, and this allows the structural changes in the chromatin fiber to be followed as chromosomes pass through mitosis . A variant involves injection of tagged antibodies to mark structures like the nuclear lamina (Paddy et al., 1996) . Another, and widely used, approach utilizes the green fluorescent protein (GFP) 1 of the jellyfish Aequorea victoria ; a hybrid gene encoding a cellular protein fused to GFP is constructed and introduced into a living cell, so that the expressed hybrid protein can be localized by its fluorescence (Chalfie et al., 1994) . Examples include fusions between GFP and DNA-binding proteins like repressors (Marshall et al., 1997) , CENP-B (Shelby et al., 1996) , and histones (Kanda et al., 1998) . Hybrid proteins can be seen bound to their target sequences in DNA. GFP is a large tag that might disrupt the function of an associated protein, especially if it is incorporated into a larger complex. Recently, a smaller tag, CCXXCC (X is any amino acid) in an ␣ helix, has been introduced (Griffin et al., 1998; Tsien and Miyawaki, 1998) . This short se-quence is either embedded in a preexisting ␣ helix in the protein to be marked, or attached as an ␣ -helical peptide to either end. After expression of the appropriate construct, a bi-arsenical fluorescein derivative known as FLASH (fluorescein arsenical helix binder) is bound to the four cysteines in the ␣ helix so that the modified protein becomes fluorescent. An additional approach involves the direct visualization of DNA strands in living cells. Cells are allowed to make DNA in the presence of a fluorescent precursor, so that individual DNA strands become fluorescent (Zink et al., 1998) .
In all these approaches, living cells are illuminated with high-intensity radiation. Unfortunately, high doses kill cells, the UV wavelengths being especially toxic (Brakenhoff et al., 1996) . Therefore, care must be taken to ensure that cells remain viable during image collection. As a cell may be biochemically alive (able to make DNA, or crawl across the surface of a culture vessel), while being genetically dead (unable to divide indefinitely), we will define life operationally as follows: cells able to pass through mitosis are considered to be alive, even though their potential to divide indefinitely remains untested.
We have developed a method for visualizing individual DNA strands in living cells, and we use it to monitor chromosome formation. Fluorescent analogues (fluoresceindUTP, Bodipy-TR-dUTP, Cy5-dUTP) of the natural precursor, thymidine triphosphate, are introduced into cells; these are incorporated by endogenous enzymes into DNA. Surprisingly, the mechanisms for recognizing and repairing unnatural DNA residues do not prevent progress around the cell cycle. Therefore, the fluorescent strands can be followed by confocal microscopy as they assemble into chromosomes, and segregate to daughters and granddaughters. Movies of DNA strands in living cells suggest that chromosome axes follow simple, recognizable paths through interphase territories, with late replicating (heterochromatic) regions being so prealigned that they can readily form into a prophase chromosome.
Materials and Methods

Cell Culture
Indian muntjac (DM) cells (Ryan and Johnson, 1996) were grown in DME ϩ 10% FCS (GIBCO BRL) and plated on glass-bottom microwell dishes coated with poly-D -lysine (Mattek). Cells were bead loaded using 100-m glass beads (Sigma Chemical Co.) as described by McNeil (1989) with 10 l 0.1 mM Cy5-10-dUTP (made as described below), fluorescein-12-dUTP, or Bodipy-TR-14-dUTP (both from Molecular Probes, Inc.) in L15 medium (GIBCO BRL). After loading, cells were grown in medium ϩ 0.1 mM Trolox (a free-radical scavenger; Fluka AG) during imaging. Cy5-10-dUTP was made (Yu et al., 1994) by coupling 5-(3-aminoallyl)-2 Ј -deoxyuridine-5 Ј -phosphate (Sigma Chemical Co.) with Cy5 monofunctional dye (Nycomed Amersham). Cy5-10-dUTP is now supplied by Amersham. Unsynchronized cells were used for Figs. 1, E and F, 2, 3, and 5. For Fig. 1 , E and F, cells were loaded with fluorescein-dUTP, grown for 45 min in bromodeoxyuridine, fixed (10 min) in 4% paraformaldehyde, refixed (20 min) in 8% paraformaldehyde, and Br-DNA indirectly immunolabeled with Cy3 (Hozák et al., 1993) . For Fig. 2 A, cells were loaded with a mixture of fluorescein-dUTP and Bodipy-TR-dUTP, and grown for 4 h before the live cells were imaged. For Fig. 2 B, cells were loaded with fluorescein-dUTP, grown for 3 h, loaded with Bodipy-TR-dUTP, and grown for 4 h before imaging.
S-phase cells were enriched to Ͼ 90% for experiments in Figs. 1, A-D, and 4, B-D. Mitotic cells were collected by shake-off, grown for 13-15 h in 2.5 mM thymidine, washed, regrown for 2-4 h in 5 M deoxycytidine to reverse the block, and loaded. G2 cells were enriched to Ͼ 50% for the experiment in Fig. 4 A. Mitotic cells were grown for 8 h, loaded, grown for 5 h, regrown for 12 h in thymidine, washed, and regrown for 11 h in deoxycytidine.
Microscopy and Image Collection
Phase-contrast images were captured with a Hamamatsu CCD attached to a Nikon Diaphot-200 microscope, fitted with a heated (Bioptech) 60 ϫ PlanApo objective and stage (Zeiss). The stage was surrounded by an insulated box. Stacks of green, red, or far-red confocal images were collected using a Bio-Rad MRC1024 (12 single scans of 170 pixels square, axial steps of 0.5 m for interphase, and 1 m for mitotic nuclei). Cy5 was generally used for live cell work using a 647-nm excitation beam, an intensity of 50 nW ( Ͻ 1/100 intensity commonly used with fixed cells), and an open pinhole. Note that doubling the excitation intensity often slowed progression around the cycle. The bottom four to six sections from each stack were projected onto a plane, converted to 510 pixels square, and contrast-stretched to fill the 256-level gray scale, the same settings were used for all images of one movie. Finally, noise was reduced by Gaussian filtering using Adobe Photoshop. For Fig. 5 , positions of 48 foci were located manually using SIS EasiVision software, and exported into Excel. Images were aligned first by superimposing centers of gravity of 48 foci, and then by rotation (using a least-squares fit). Time series were displayed using Confocal Assistant (T.C. Brelje). The inaccuracy of position measurement, due to instrument movement, noise, and positioning focal centers, was determined as 0.1 m by measuring and remeasuring the positions of foci in fixed cells under identical conditions. The length of mitotic chromosomes in two living cells (loaded with fluorescein-dUTP in early S phase) was determined using positions obtained from stacks of 37 and 66 sections. Fig. 1 illustrates the approach applied to Indian muntjac cells (Ryan and Johnson, 1996) . These cells were chosen because they have only nine chromosomes, which facilitates analysis. They also grow rapidly with a doubling time of ‫ف‬ 18 h. At time zero, Cy5-dUTP was introduced into S-phase cells by bead-loading (McNeil, 1989) . Addition of glass beads transiently permeabilizes the plasma membrane, allowing the analogue to enter. The petri dish containing living cells was placed on the heated stage of a microscope equipped with both phase-contrast and confocal fluorescence optics. Within 6 min, most of the precursor has been transported into the nucleus (Fig. 1 B) , where it becomes concentrated in discrete nuclear foci (Fig. 1 C) . These foci result because active DNA polymerases are concentrated at this stage of the cell cycle in discrete factories which duplicate the genome (Nakamura et al., 1986; Hozák et al., 1993) . Essentially all analogue is incorporated into DNA in Ͻ 30 min, so only DNA made in this short period fluoresces. Therefore, roughly the same pattern of foci is seen after 90 min (Fig. 1 D) .
Results
Visualizing Sites of DNA Synthesis in Living Cells
Various features indicate that these foci result from S-phase synthesis. First, they have diagnostic patterns, both in interphase and mitosis (Nakamura et al., 1986; Nakayasu and Berezney, 1989; Manders et al., 1992 Manders et al., , 1996 O'Keefe et al., 1992) . After loading in G1 phase, nuclear foci only appear when S phase is reached, then, they have the pattern typical of early-S phase (not shown). If Cy5-dUTP, or another analogue, fluorescein-dUTP, is loaded late during S phase, foci appear immediately, arranged in the pattern typical of this stage (Fig. 1 E) . Second, fluorescein-dUTP is incorporated into the same foci as bromode-oxyuridine (Br-dU), a precursor routinely used to mark sites of S-phase replication ( Fig. 1 F) . Third, these patterns are different from those due to nucleotide-excision repair, which takes place in thousands of tiny foci in all cells in the population (Jackson et al., 1994) . Fourth, unincorporated analogues can be extracted with 0.1% Triton X-100, and the nuclear foci by an additional treatment with DNase (0.5 U/ml, 10 min, 20 Њ C, not shown).
Labeling Regions That Replicate at Different Times
Regions replicating at different times during S phase can be labeled after successive loadings with fluoresceindUTP and Bodipy-TR-dUTP. For example, simultaneous loading with both precursors yields yellow foci ( Fig. 2 A) , as the two labels become intermingled in DNA. However, loading one followed by the other 3 h later yields discrete green or red foci (Fig. 2 B) , as the two labels are incorporated into different parts of the genome. These results confirm others obtained earlier with fixed cells (Manders et al., 1996) .
Cy5-DNA Strands in Diploid Cells Segregate Normally
All cells, including the line of muntjac cells used here (Pillidge et al., 1986) , possess sophisticated mechanisms for repairing DNA damage (Friedberg, 1985) . These might be expected to recognize fluorescent adducts, and to arrest the cell cycle at checkpoints in S and G2 phases. Laser illumination would also be expected to generate additional damage (Brakenhoff et al., 1996) that would compound the arrest. Only when most adducts and any light-induced damage had been removed did we expect the nonfluorescent cells to pass through mitosis. Surprisingly, muntjac cells containing Cy5-DNA divided normally (see below). As these cells have been grown continuously in culture for many generations and might have accumulated mutations in the repair pathway, we also investigated whether diploid cells behaved similarly. Therefore, a secondary culture of human fibroblasts which had been grown for only 15 passages was loaded with Cy5-dUTP, and the cells regrown for 30 h. Imaging then showed that the fluorescent DNA was divided among daughters, which were easily recognized because they shared similar fluorescent patterns (Fig. 3, A and B, arrows). All cells containing Cy5-DNA tested to date (muntjac cells, diploid human cells, HeLa cells) proved equally sensitive to illumination (not shown), although we have not yet examined this systematically. Cy5-DNA is detected after illumination with laser light of 647 nm, and, as expected, use of shorter wavelengths (568 nm for Bodipy-Texas red-DNA, and 488 nm for fluorescein-DNA) proved more toxic (not shown). We have not yet examined this systematically. , and three single confocal sections of one muntjac cell taken at different times after loading Cy5-dUTP (laser power 50 nW for B and C, 5 W for D; lower laser power gives a noisier signal). Label soon becomes concentrated in the nucleoplasm (B), before incorporation into DNA (C). After 1:30 h, the incorporation pattern is similar (some label is found in cytoplasmic vesicles or mitochondria, on the left in D). (E and F) Fluorescein-dUTP (Fl-dUTP) and bromodeoxyuridine (Br-dU) are incorporated into the same nuclear regions. Cells were loaded with fluorescein-dUTP, grown in bromodeoxyuridine for 45 min, and fixed. Sites containing Br-DNA were indirectly immunolabeled with Cy3, and green (E) and red (F) images of a single confocal section recorded. Unlike Cy5-dUTP, fluorescein-dUTP is not incorporated into cytoplasmic vesicles. Bar, 10 m. 
Passage through Mitosis
Unfortunately, high doses of illumination did prevent passage through mitosis (not shown). Therefore, we could only make movies of dividing cells using low exposures, with consequent reduction in image quality and length. Fig. 4 illustrates movies of four different muntjac cells as they traverse different parts of the cell cycle. Each movie also contains a set of phase-contrast images, although none are shown in Fig. 4 , B-D. Note that each fluorescent image shown is derived from a complete stack of 12 images, so that three-dimensional information is also available. Fig. 4 A illustrates passage through mitosis. The cell was loaded with Cy5-dUTP during S phase so that late replicating DNA became fluorescent. Then, the cell was allowed to divide once (to confirm that it was well) before a stack of 12 optical sections was collected as one daughter was about to enter mitosis again (28:00 h after loading). Inspection of this stack gives a three-dimensional view of foci arranged in a pattern typical of late-S phase. Projecting the 12 images onto one plane gives a complex pattern that is difficult to analyze, so a simplified projection of only the bottom four sections is shown as the first frame in Fig. 4 A. As most late-S phase foci are peripheral, ‫ف‬ 50% foci are seen. Other projections were made similarly, as the daughter passed from G2 phase (28:01), through mitosis (28:22-28:40), to give two granddaughters (only one is shown after 31:35). Fig. 4 , B and C, illustrates entry into and out of mitosis in more detail. In Fig. 4 B, the cell was loaded early in S phase, so the pattern of fluorescent foci is more complex than in Fig. 4 A. The movie begins 7 h later when the cell has reached the end of G2 phase, and during filming the cell crawls to the right; by the last frame the cell is in mitosis. Between 7:35 and 7:45 h after loading, phase-contrast shows that the nuclear membrane breaks down; however, the fluorescent images reveal that chromosomes form earlier. Individual foci (three bright foci in the middle) can be traced throughout the movie. Surprisingly, their position changes little relative to neighboring foci, even when chro- mosomes are forming. In Fig. 4 C, the cell was loaded early during S phase, to give many foci. By 9:00 h, it has reached mitosis, and chromosomes reorient extensively on the metaphase plate (9:07-9:28), before segregating (9:44). By 10:00 h, nuclear membranes reform as chromosomes decondense, nuclei flatten (10:22), and the bottom daughter continues to grow (10:11-21:00).
Inspection of many movies, like those shown in Fig. 4 , underlies our operational definition of when a cell should be considered alive. For example, cells are often able to crawl across the surface of the culture dish without being alive enough to pass through mitosis (not shown). Similarly, they may contain individual foci that move considerably relative to neighboring foci, even though they cannot form those foci into recognizable mitotic chromosomes (not shown). However, we find that if a cell is able to transform its interphase nucleus into visible chromosomes, it is usually able to segregate those chromosomes to two daughter cells. This is in accord with earlier results showing that chromosomes, once formed, become inert passengers during mitosis, as they can even be substituted or removed (Heald et al., 1996; Zhang and Nicklas, 1996) .
The Segregation of Individual DNA Strands to Daughters and Granddaughters
Individual DNA strands can also be followed as they segregate to great-granddaughters. In Fig. 4 D, the parent cell was loaded early during S phase, grown for 6:00 h, and photographed. It was then allowed to divide to give daughters (26:00) and granddaughters (54:00). As a result of semiconservative replication and random segregation, ‫ف‬ 50% of the chromosomes in a granddaughter contain a fluorescent strand. During interphase, these are seen as fluorescent domains against a dark background (54:00). Fluorescent domains condense into fluorescent chromosomes (54:25), dark domains into dark chromosomes (54: 36). After aligning on the metaphase plate (54:43), fluorescent chromosomes (and other dark chromosomes) segregate to each of the two great-granddaughters (54:48-55: 40). If Cy5-DNA strands obey the rules of semiconservative replication and random chromosome segregation, we would expect two to three of the nine chromosomes greatgranddaughters receive to be fluorescent, as is the case. Eventually descendants with only one fluorescent chromosome are born, and subsequently this chromosome is inherited unilinearly (not shown; see Jackson and Pombo, 1998; Zink et al., 1998) .
The Dynamics of Chromosome Formation: Similarity of Interphase and Prometaphase Architectures
Because information on how chromosomes form is limited, we analyzed the transition from mid-G2 phase to early prophase in one cell in detail (Fig. 5) . The cell was loaded late in S phase and filmed as it progressed from G2 phase into prophase. We collected 21 phase-contrast images (first and last are shown in Fig. 5 , A and C) and 252 fluorescence images (21 complete stacks of 12 confocal sections through the cell) of the living cell. The phase-contrast images allowed us to monitor breakdown of the nuclear membrane and chromosome formation, while the fluorescence images provided three-dimensional information on the distribution and movement of (heterochromatic) DNA replicated late in S phase. To simplify the fluorescence images for presentational purposes, the bottom four to six sections in each of the 21 stacks were projected onto a plane (first and last are shown in Fig. 5, B and D) . After collecting the last stack of images, the cell was fixed and total DNA stained, enabling individual prophase chromosomes to be identified (Fig. 5 E) . A final stack of 12 images was also collected to reveal the distribution of the fluorescent foci in the fixed cell. During filming, the cell crawled 20 m across the field, as the nucleus rotated Ϯ 20 Њ around the z axis, such translation and rotation are common (Park and De Boni, 1991) . A film incorporating corrections for these global cellular movements can be viewed on http://www.path.ox.ac.uk/prc/images/emm/ emmov.htm. It contains 21 frames, each showing fluorescent foci in the bottom half of the cell.
After inspection of the complete set of three-dimensional fluorescence images, we identified 48 foci that could be tracked unambiguously from the first (interphase) image to their final positions in a chromosome. Others that could not be tracked unambiguously (mainly because they fused and/or split) were not analyzed further. Simplified tracks have been superimposed on the final image of the fixed and stained cell to illustrate the movement of the selected foci, with tracks of the same color marking foci from the same chromosomal segment (Fig. 5 E) . Note that it is sometimes difficult to trace some of the selected foci unstrand. During interphase, these are seen as fluorescent domains against a dark background (54:00). Fluorescent domains condense into fluorescent chromosomes (54:25), dark domains into dark chromosomes (54:36). After aligning on the metaphase plate (54:43), fluorescent chromosomes (and other dark chromosomes) segregate to each of the two great-granddaughters (54: 48-55:40). Entry into the first mitosis. Loading occurred early in S phase, so the pattern of fluorescent foci is more complex than in A. Phasecontrast showed the nuclear membrane broke down between 7:35 and 7:45. Individual foci (three bright foci in the middle) can be traced throughout. Their position changes little relative to neighboring foci, although the cell crawls to the right. (C) Exit from the first mitosis. Loading occurred early during S phase, to reveal many foci. By 9:00 h, the cell has reached mitosis, and chromosomes reorient on the metaphase plate (9:07-9:28) before segregating (9:44). By 10:00 h, nuclear membranes reform, chromosomes decondense, nuclei flatten (10:22), and the bottom daughter continues to grow (10:11-21:00). (D) Segregation of fluorescent DNA strands to great-granddaughters. The parent cell was loaded early during S phase, grew (6:00), and produced daughters (26:00), and granddaughters (54:00). As a result of semiconservative replication and random segregation, ‫ف‬ 50% of the chromosomes in a granddaughter contain a fluorescent ambiguously from frame to frame in the movie, which contains only two-dimensional information.
Quantitative analysis of the movie indicates that a typical focus tracks ‫ف‬ 2 m from first to last frame (after correction for cellular movements). The rate of movement progressively increases from 0.2 m/h in mid-G2 phase, reaching 0.8 m/h when the nuclear envelope breaks down, and 2.5 m/h during the final leg. Foci in one segment often move together (segment 1 foci in Fig. 5 E all track south-west), sometimes sliding past adjacent segments moving in a different direction (e.g., foci in segments 2 and 3). This movement could result indirectly from cellular movement, as individual chromosomal segments are elastically deformed by external forces. It also occurs in dead cells that have been exposed to so much illumination that they cannot enter prophase (not shown). The net result of such movement is an average translocation of the center of mass of foci in a typical segment by 0.7 m (range 0.2-1.6 m). As a segment moves, individual foci move within that segment. The net movement of foci is 0.8 m (range 0.7-0.9 m) relative to the center of mass of the segment.
Foci could have been distributed randomly in a domain to move to their appropriate places in the chromosome (as in Fig. 6 A) . However, our results suggest foci are so prealigned that only subtle movements are required to generate recognizable chromosomes (as in Fig. 6 B) . These subtle movements are reflected by the shortening of axis 1 (defined in Fig. 5 F) by 12% from first to last frame. Once formed, a prophase chromosome roughly halves its endto-end length to give a metaphase chromosome (axis 2 in Fig. 5 F halves) . We believe the results obtained with this cell are representative, because similar chromosome dynamics were seen in five others that were treated similarly. Moreover, another 10 cells, which were not fixed at the Figure 5 . DNA dynamics during G2 phase and early prophase. A muntjac cell loaded with Cy5-dUTP was grown for 4:06 h, before 21 phase-contrast images (A and C) and 21 stacks of far-red images (B and D; projections of bottom four to six sections) were collected at the times shown. After fixation (7:38) by addition of 4% paraformaldehyde, DNA was stained with 0.5 M SYTO16, and a final green image collected (E). Bars, 10 m. (A and B) First frames in the movie. Foci mark late replicating DNA in the G2 nucleus and vesicles/mitochondria (v) in the cytoplasm. Phase-contrast microscopy revealed that nucleoli (6:56) and the membrane (7:19) began to break down, before recognizable chromosomes started to emerge at 7:31 (alignment of the yellow segment in E could be detected by fluorescence 35 min previously). The cytoplasmic foci move so rapidly throughout the sequence that they cannot be traced from frame to frame. (C and D) Last frames of the movie when the cell has reached prophase. (E) Extra frame taken after fixation. Fluorescence marks total DNA. Lines illustrate movements of individual foci, with similar colors indicating foci belonging to the same chromosomal segment. There are more segments than chromosomes, as some chromosomes could not be traced unambiguously from end to end. Vertices on each line mark positions at 4:27, 4:58, 5:24, 5:54, 6:31, 7:02, 7:21, and 7:36 (final position marked with a circle). Some circles do not overlie chromosomes, perhaps due to movement during fixation. (F) Chromosomal axes in early prophase chromosomes. Axis 1: the shortest line connecting all (heterochromatic) foci in a segment. Axis 2: this end-to-end length halves between prophase and metaphase (axial length of all chromosomes in the cell in E was ‫ف‬ 200 m, compared to a metaphase length of ‫ف‬ 100 m; see Materials and Methods). Axis 3: in E, this axis is typically ‫ف‬ 2.5 times the length of axis 2, and progressively shortens as chromosomes form.
end of the experiment, were seen to pass through mitosis after exposure to similar levels of illumination.
Discussion Imaging Sites of DNA Synthesis and Individual DNA Strands in Living Cells
We describe a method that allows sites of DNA synthesis, and individual DNA strands, to be imaged directly in living cells. Fluorescent analogues (fluorescein-dUTP, Bodipy-TR-dUTP, Cy5-dUTP) of the natural precursor, thymidine triphosphate, are introduced into cells. Analogues are incorporated by endogenous enzymes into DNA so that it becomes fluorescent. Active DNA polymerases are concentrated in discrete factories (Nakamura et al., 1986; Hozák et al., 1993) , and as the fluorescent precursor is exhausted, the newly made (fluorescent) DNA becomes locally concentrated in discrete foci (Fig. 1) . These foci persist for many generations (Fig. 4 D; see also Jackson and Pombo, 1998; Zink et al., 1998) . Surprisingly, attaching fluorescent tags to DNA has remarkably little effect on growth; the mechanisms for recognizing and repairing such unnatural DNA residues do not prevent subsequent progress around the cell cycle. Therefore, the fluorescent DNA can be imaged in the light microscope. This enabled us to use a confocal microscope to collect images of DNA strands as they condensed into chromosomes and segregated to daughters and granddaughters (Fig. 4) . These cells remain both biochemically and genetically alive during imaging, as they can make DNA and pass through mitosis.
Unfortunately, the quality and length of such movies is limited by the effects of the laser light used to excite fluorescence. These effects include a lengthening of the cell cycle, delayed segregation, and the induction of strand exchanges which leads to the generation of subchromosomal domains in great-granddaughters and their descendants (not shown). Irradiation with high doses generally arrested cells in G2 phase, presumably at the major checkpoint (Elledge, 1996) . If cells passed this checkpoint, they generally divided (not shown). As expected (de With and Greulich, 1995; Leavitt et al., 1997) , illuminating Cy5-DNA with far-red light of 647 nm proved less toxic than the use of fluorescein or Bodipy-TR and shorter wavelengths (488 and 568 nm, respectively). Although Bodipy-TR-dUTP and fluorescein-dUTP were incorporated into DNA, and the resulting fluorescent DNA strands segregated to daughters, we generally used Cy5-dUTP when following chromosomes through mitosis. We also had to use a low intensity of the laser (5 nW measured at the position of the specimen). In practice, the length of each movie represents a compromise between minimizing exposure (to reduce toxicity) and maximizing the intensity (to increase resolution within individual frames and the total number of frames). Even so, we were able to collect Ͼ 240 images of one cell (20 sets of 12 images in a confocal stack were collected for Fig. 5 ), sufficient to provide four-dimensional information.
Inspection of the movies directly confirms important conclusions inferred earlier using indirect approaches. First, they confirm that the replication foci or factories seen in fixed or permeabilized cells (Nakamura et al., 1986; Nakayasu and Berezney, 1989; Manders et al., 1992 Manders et al., , 1996 O'Keefe et al., 1992; Hassan and Cook, 1993) have their counterparts in vivo, and are not preparative artifacts. Second, DNA foci move little during interphase compared with the rapid movements of mitosis (compare the first 15-16 min in Fig. 4 , B and C). These interphase movements are within the range seen by others (Shelby et al., 1996; Abney et al., 1997; Marshall et al., 1997; Zink et al., 1998) . Third, individual chromosomal territories seen in granddaughters and great-granddaughters are compact (Fig. 4 D , 54:25) , again in agreement with earlier findings (Cremer et al., 1993; Robinett et al., 1996; Zink et al., 1998) . Fourth, characteristic distributions of foci are inherited through interphase and mitosis. Thus, in Fig. 4 D, a distinctive pattern (many small foci spread throughout the nucleoplasm) is established early in S phase, and is passed to daughters (26:00) and the appropriate chromosomal domains in granddaughters (55:40). In Fig. 4 A, a different (late replication) pattern is passed down the generations. This suggests that whatever underlying structure maintains the distinctive pattern, the structure can either pass through mitosis intact, or, if disassembled, can reform accurately afterwards (see also Jackson and Pombo, 1998; Zink et al., 1998) . Fifth, Cy5-DNA strands obey the rules of semiconservative replication and random chromosome segregation. For example, two to three of the nine chromosomes a great-granddaughter receives would be expected to be fluorescent, as in Fig. 4 D. 
Chromosome Formation
We also used this method to visualize DNA strands during the critical phase of the cell cycle when interphase chromatin fiber forms into a recognizable chromosome (Fig.  5) . This phase was inaccessible to classical cytologists, as individual fibers in the interphase nucleus cannot be resolved. Cells were loaded with Cy5-dUTP late in S phase so that heterochromatic foci became labeled. We expected Figure 6 . Models for chromosome formation. (A) Heterochromatic foci (circles) arranged randomly in an interphase domain (gray) could reassort into a prophase chromosome as the nuclear membrane disappears. This model is not supported by the data. (B) Heterochromatic foci are prealigned during G2 phase and relatively immobile, perhaps because they are attached to the lamina. On entry into prophase, a recognizable chromosome forms, as euchromatin condenses onto the (fixed) heterochromatic foci. Once the lamina has dispersed, foci are free to condense laterally and axially into the mitotic (M) chromosome. After sister chromatids separate and segregate to daughters, (heterochromatic) foci nucleate lamina reassembly. Once formed, the lamina fixes the foci in their new positions. When the chromosome decondenses to form a G1 domain, the foci are again prealigned for the next mitosis.
all the foci on one chromosome to be distributed randomly throughout that chromosome's territory, and those foci to move to their appropriate places in the chromosome (as in Fig. 6 A) . However, our results suggest the foci are so prealigned that only subtle movements are required to generate recognizable chromosomes (as in Fig. 6 B) . They show that axis 2 (defined in Fig. 5 F) shortens little as the chromosome forms. Most shortening (and considerable movement) occurs after prometaphase, during the stages visible to classical cytologists. It remains to be seen to what extent early replicating foci, which are arranged in complex patterns difficult to analyze, are similarly prealigned during interphase. Just as identifiable chromosomes form without much movement, they disappear after mitosis without much movement (Fig. 4 C) , although we have not yet analyzed this in detail.
These results, and those obtained earlier (Hiraoka et al., 1989) , are consistent with the model illustrated in Fig. 6 B. Here, late replicating (heterochromatic) foci are prealigned during interphase. They are also relatively immobile, perhaps because they are attached to the lamina. Much of their movement seems to result indirectly from cellular movement, as individual chromosomal segments are elastically deformed as the cell crawls across the surface of the culture vessel. On entry into prophase, it is easy to imagine that these (fixed) heterochromatic foci nucleate the condensation of neighboring euchromatin. Once the lamina has dispersed, the foci become free to collapse both laterally and axially into the mitotic chromosome. Rapid chromosome movements of mitosis occur, and sister chromatids separate. After segregation to daughters, the (heterochromatic) foci could now nucleate lamina reassembly, so that they become fixed in new positions. They can now remain in those positions as the euchromatin decondenses to form a G1 domain. It remains to be established what path the chromatin fiber follows within such a domain, and how much individual foci move during the rest of interphase (see Manuelidis 1985; Cook 1995; Nickerson et al. 1995 for reviews of domain organization; and Li et al. 1998 for analysis of the movement of one gene locus). Nevertheless, our results suggest the architecture of the G2 nucleus is directly related to that of the prophase chromosome.
Future Prospects
This approach can be extended to follow early, mid, and late replicating regions in one cell (e.g., after loading successively fluorescein-dUTP, Bodipy-TR-dUTP, and Cy5-dUTP; not shown). We also anticipate that further technical advances in imaging (for example, the use of twophoton excitation; Denk et al., 1990; Brakenhoff et al., 1996) should facilitate the production of longer movies with higher resolution. This method also opens up the prospect of using fluorescence resonance energy transfer (Selvin, 1995) to monitor the docking onto DNA of DNAbinding proteins tagged with GFP or FLASH.
